
REPORT OF INVESTIGATION 262
UTAH GEOLOGICAL SURVEY
a division of
Utah Department of Natural Resources
2008

by
Charles E. Bishop

DELINEATION OF DRINKING WATER
SOURCE PROTECTION ZONES FOR THE
DAY STAR ADVENTIST ACADEMY
PUBLIC-WATER-SUPPLY WELL,
GRAND COUNTY, UTAH



REPORT OF INVESTIGATION 262
UTAH GEOLOGICAL SURVEY

a division of
Utah Department of Natural Resources

2008

Delineation of Drinking Water Source Protection Zones for the
Day Star Adventist Academy Public-Water-Supply Well,

Grand County, Utah
by

Charles E. Bishop



STATE OF UTAH
Jon Huntsman, Jr., Governor

DEPARTMENT OF NATURAL RESOURCES
Michael Styler, Executive Director

UTAH GEOLOGICAL SURVEY
Richard G. Allis, Director

PUBLICATIONS
contact

Natural Resources Map & Bookstore
1594 W. North Temple

Salt Lake City, Utah 84116
telephone: 801-537-3320

toll-free: 1-888-UTAH MAP
Web site: http://mapstore.utah.gov

email: geostore@utah.gov

THE UTAH GEOLOGICAL SURVEY
contact

1594 W. North Temple, Suite 3110
Salt Lake City, Utah 84116
telephone: 801-537-3300

fax: 801-537-3400
Web site: http://geology.utah.gov

Although this product represents the work of professional scientists, the Utah Department of Natural Resources, Utah Geological Survey,
makes no warranty, expressed or implied, regarding its suitability for any particular use. The Utah Department of Natural Resources, Utah
Geological Survey, shall not be liable under any circumstances for any direct, indirect, special, incidental, or consequential damages with
respect to claims by users of this product.

The Utah Department of Natural Resources receives federal aid and prohibits discrimination on the basis of race, color, sex, age, national
origin, or disability. For information or complaints regarding discrimination, contact Executive Director, Utah Department of Natural
Resources, 1594 West North Temple #3710, Box 145610, Salt Lake City, UT 84116-5610 or Equal Employment Opportunity Commission,
1801 L. Street, NW, Washington DC 20507.



CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1
GEOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3
HYDROGEOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5
WELLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6
AQUIFER CHARACTERISTICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6
DWSP ZONES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8
SUMMARYAND RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10
ACKNOWLEGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11
APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .12

Appendix A. Drillers’ Reports of Wells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .13
Appendix B. Problem Summaries and WHPA Printouts using RESSQC Module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .26

FIGURES

Figure 1. Location of the Day Star Adventist Academy well . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2
Figure 2. Geologic map of the lower Castle Valley area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4
Figure 3. Schematic geologic cross section across lower Castle Valley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5
Figure 4. Potentiometric-surface map of valley-fill aquifer in northern Castle Valley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .7
Figure 5. Boundaries of drinking water source protection (DWSP) zones 2, 3, and 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

TABLES

Table 1. Range of transmissivities and hydraulic conductivities reported for rock aquifers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8
Table 2. Inputs to WHPAModel for the Day Star Adventist Academy well . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9
Table 3. Description of DWSP zones 2, 3, and 4 for the Day Star Adventist Academy well . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9



ABSTRACT
The Day Star Adventist Academy operates a well to sup-

ply potable water for consumptive use by its students, staff,
and facilities. The well was drilled in the mid-1950s in lower
Castle Valley, Grand County, Utah. To protect this well from
contamination and to comply with Utah’s Drinking Water
Source Protection Program, the Utah Division of Drinking
Water, Department of Environmental Quality, requested that
the Utah Geological Survey assist in developing the Day Star
Adventist Academy Drinking Water Source Protection Plan.
This report delineates the drinking water source protection
zones for the Day Star Adventist Academy well.

The valley fill consists of unconsolidated Quaternary
stream alluvial and alluvial-fan deposits, and is flanked by
consolidated formations ranging in age from Pennsylvanian
to Jurassic, with some early Tertiary igneous rocks also
exposed in the area. Depth to rock can be shallow in the val-
ley, at about 50 feet (15 m) in the area of the public-water-
supply well. Eastern Castle Valley is characterized by well-
exposed northwest-southeast trending faults paralleling the
valley. These fault systems impact the nature and character
of ground-water flow in the valley. Strata of the Permian
Cutler Formation are found along and underlie the margins
of Castle Valley. Examinations of rock outcrops along the
eastern valley margin indicate that permeability in the clastic
rocks is the result of fracturing and bedding-plane separa-
tions.

Flowing artesian wells on the northeast side of Castle
Valley yield water from fractured fine-grained sandstone,
siltstone, and mudstone of the Cutler Formation. Wells com-
pleted in these rocks contain confined ground water at a
depth of about 210 feet (60 m) below the land surface.
Ground water is recharged from the La Sal Mountains and
flows toward the Colorado River, with a hydraulic gradient
of about 0.008 in the area of the well. Discharge from the
rock aquifer occurs by slow upward leakage to a shallow
aquifer, seepage to the Colorado River, and through wells.
No aquifer tests or direct estimates of the transmissivity or
hydraulic conductivity of the fractured-rock aquifer were
performed. Instead, estimates of hydraulic parameters were
from regional data, and the results were used to define effec-
tive aquifer parameters that represent the fractured aquifer.

I used the effective hydraulic parameters determined
from the hydrogeology evaluation and treated the fractured-
rock aquifer as an equivalent porous medium so that individ-
ual fractures could be ignored when quantifying flow. I used

a semi-analytical, steady-state, two-dimensional ground-
water flow model (WHPA) to delineate the two-dimensional
time-related capture zones. Time-of-travel capture zones are
based on the definition of the wellhead protection zones sur-
rounding the drinking water source. The particle-tracking
algorithm used in the semi-analytical model required esti-
mates of effective porosity, flow direction, hydraulic gradi-
ent, transmissivity, and discharge of the well to predict
ground-water-flow pathlines and travel times to the well.
Capture zones were generated for 250-day, three-year, and
15-year ground-water travel times. Results from the simula-
tion indicate elongated semi-ellipse-shaped protection zones
for the well. The maximum extent of the zones, under max-
imum discharging conditions, is approximately 5100 feet
(1550 m) upgradient, 500 feet (150 m) downgradient, and
2900 feet (880 m) wide.

INTRODUCTION
This report describes the delineation of drinking water

source protection (DWSP) zones for a public-water-supply
well (Utah Division of Drinking Water system number
10012, source number 01) in the NE¼NE¼NW¼ section 8,
T. 25 S., R. 23 E., Salt Lake Base Line and Meridian
(SLB&M), in Castle Valley, eastern Grand County, Utah (fig-
ure 1). Castle Valley contains the towns of Castle Valley and
Castleton, an agricultural industry, and in the northeastern
part of the valley the Day Star Adventist Academy (theAcad-
emy). The Academy is a school and farming operation that
uses the well to supply water for students, staff, and facility
operations. The Utah Division of Drinking Water requested,
and the Academy assisted in, this delineation of DWSP
zones. The scope of work included a literature search,
reviews of water-well logs, field reconnaissance, evaluation
of aquifer data, delineation of the DWSP zones, and prepara-
tion of this report.

Utah's Drinking Water Source Protection Rule (R309-
600, Utah Administrative Code; administered by the Utah
Division of Drinking Water) requires public-water suppliers
in Utah to develop a DWSP plan for each well or spring used
as a public-drinking source. The delineation of DWSP zones
around public-water supplies is a major component of the
DWSP plan, and part of a preventive strategy to minimize
potential degradation of water quality by defining areas pro-
viding water over specific time intervals to wells. This strat-
egy creates a limited area to concentrate resources for inven-
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Figure 1. Location of the Day Star Adventist Academy well, Grand County, Utah.



tory, control, and monitoring with an overall goal of assuring
the quality of public-water supplies. Local governments can
then implement land-use regulations to protect and reduce
the risk of future ground-water contamination and costly
remediation efforts in these areas. Utah's DWSP Rule
(R309-600-9 [3]) defines four DWSP zones:

Zone 1 - the area within a 100-foot (30 m) radius from
the wellhead;

Zone 2 - the area within a 250-day ground-water time-
of-travel to the wellhead, the boundary of the
aquifer(s) that supplies water to the well, or the
ground-water divide, whichever is closer to the
well;

Zone 3 - (waiver zone) - the area within a three-year
ground-water time-of-travel to the wellhead, the
boundary of the aquifer(s) that supplies water to the
well, or the ground-water divide, whichever is clos-
er to the well; and

Zone 4 - the area within a 15-year ground-water time-
of-travel to the wellhead, the boundary of the
aquifer(s) that supplies water to the well, or the
ground-water divide, whichever is closer to the well.

The DWSP Rules require the delineation of zones 1, 2, and
4. A waiver zone, zone 3, is included to help the water sup-
plier with future monitoring waivers (see R600-9 [3][iii]).

To delineate DWSP zones one of two procedures may be
used: (1) a “Preferred Delineation Procedure” based on
ground-water times of travel and local geology and hydroge-
ology, or (2) an “Optional Two-Mile Radius Delineation Pro-
cedure” based on identifying all upgradient areas supplying
water to a well or spring within a fixed 2-mile (3.2 km)
radius of the drinking-water source. I delineated the DWSP
zones for the Academy well using the “Preferred Delineation
Procedure” because it reflects the hydrogeologic system and
is more defendable than the other procedure.

In this study, I delineated DWSP zones 2, 3, and 4. Zone
1, a 100-foot (30 m) fixed radius around the well, is not
shown on the map or discussed further in this report.

GEOLOGY
The Academy’s public-water-supply well is within the

Salt Anticline segment of the Colorado Plateau physiograph-
ic province (Stokes, 1977). In this area, landforms are relat-
ed to the subsurface movement of salt layers in the Pennsyl-
vanian Paradox Formation. As salt layers were buried by
younger sediments, they became mobile and formed diapirs
that folded overlying rocks into anticlines. The uplift of the
Colorado Plateau in the late Tertiary resulted in high rates of
erosion, allowing ground and surface water to contact and
dissolve the salt layers from the cores of the anticlines (Mul-
vey, 1992; Doelling and Ross, 1998). Subsequently, the
overlying rock strata collapsed and eroded, forming an
inverted topography in the core of the anticlines. High-angle
normal fault systems, developed as a result of the collapse of
the salt diapir, are present along the margins of Castle Valley
(Doelling and Ross, 1998).

Pennsylvanian to Jurassic sedimentary rocks are

exposed in lower Castle Valley (figure 2). Isolated interbed-
ded evaporates, clastic, and carbonate rocks of the Pennsyl-
vanian Paradox Formation are exposed at the northwestern
end of Castle Valley (Doelling and Ross, 1998; Doelling,
2001). Quartz arenite and subarkosic to arkosic sandstone
interbedded with conglomerate, silty and sandy mudstone,
and siltstone make up the Permian Cutler Formation, which
underlies the valley and crops out in the lower cliffs of its
northern margin (Doelling and Ross, 1998; Doelling, 2001)
(figures 2 and 3). Triassic sandstone, siltstone, and mudstone
of the Moenkopi and Chinle Formations overlie the Cutler
Formation and form the intermediate cliffs in the valley.
Jurassic sandstone, siltstone, and mudstone of the Wingate
and Kayenta Formations form the high cliffs along the sides
of the valley. Tertiary igneous rocks composed largely of
Oligocene intrusive rocks, mainly porphyritic trachyte, are
exposed at Round Mountain in the center of Castle Valley,
and in the La Sal Mountains (Doelling, 2001) south of the
area shown in figure 2.

Faults along the northeast flank of Castle Valley are well
exposed in the Moenkopi Formation, above the Cutler For-
mation, and northeast of the well. The faults cut the rocks
into narrow fault-bounded strands paralleling the valley. The
outermost fault trends N. 65° W. and dips valleyward 70°
SW. The fault displaces strata 60 to 70 feet (18–21 m)
(Doelling and Ross, 1998). Fault traces can be projected
below unconsolidated deposits southeastward into the area of
theAcademy. Fault-bounded strands of the Cutler Formation
most likely underlie the margins of Castle Valley, and strands
of the Jurassic, Triassic, Permian, and possibly Pennsylvan-
ian rocks may underlie Quaternary valley-fill deposits in the
center of Castle Valley (figure 3).

Outcrops of the Cutler Formation appear as red-brown,
red-purple, orange, and maroon rocks that form near vertical
cliffs to alternating ledges and slopes with step-like escarp-
ments. Sandstones are generally subangular to subrounded,
fine grained, poorly to well sorted, and micaceous. Bedding
plane separations and fractures, important secondary perme-
ability features in a bedrock aquifer, are visible in sandstone
and siltstone outcrops about 0.7 mile (1 km) east of the well.
Bedding plane spacing ranges from 1 to 12 inches (2–30 cm).
The bedding at the outcrops strikes N. 50° W. and dips 7°
NE. One set of fractures trends roughly N. 45° E., dips 66°
S, and has a fracture spacing ranging from 5 to 14 inches
(13–36 cm). The other set strikes roughly N. 27° W., dips
85° W., and has a fracture spacing of 4 inches to 3 feet
(10–90 cm).

The valley fill of Castle Valley consists predominantly of
gravelly stream alluvium and alluvial-fan deposits that are
generally coarser grained near source areas at the base of
Porcupine Rim and the La Sal Mountains, and finer grained
along the lower reaches of Castle Creek (Snyder, 1996;
Doelling and Ross, 1998). The thickness of alluvial-fan
deposits along the valley margins is highly irregular, and
may locally exceed 25 feet (8 m) or thin to zero. Numerous
buried rock ridges and small, deep troughs affect the thick-
ness of unconsolidated valley-fill deposits in Castle Valley.
Unconsolidated deposits are generally less than 150 feet (50
m) thick but vary to over 350 feet (100 m) in parts of sections
8, 9, and 15, T. 25 S., R. 23 E., SLB&M, below Castle Creek,
and to 250 feet (80 m) below the central part of the valley
(Lowe and others, 2004).

3Day Star Adventist Academy public-water-supply well, Grand County, Utah



4 Utah Geological Survey

Alluvium in active large channels
Alluvium above the active channels
Younger alluvial-fan deposits
Older alluvial-fan deposits
Relic alluvial-fan deposits
Pediment-mantle deposits
Talus and colluvium depostis

Navajo Sandstone
Kayenta Formation
Wingate Sandstone

Upper Member of the Chinle Formation
Lower Member of the Chinle Formation
Parriott and Sewemup Members of the Moenkopi Formation, undivided
Parriott Member of Moenkopi Formation
Sewemup Member of Moenkopi Formation
Lower Member of Moenkopi Formation

White Rim Sandstone Member of Cutler Formation-queried where uncertain
Cutler Formation

Paradox Formation

Quaternary

Jurassic

Triassic

Permian

Pennsylvanian

Geologic Units

Contact - dashed where location inferred

Fault - dashed where location inferred,
dotted where concealed; ball and bar
on downthrown side

Anticline - arrrow at end of line shows
direct of plunge

Strike and dip of bedding

Spring

Cross section

5

Explanation

TRcuTRcu

TRmuTRmu

TRcuTRcu

TRcuTRcu

TRcuTRcu

TRcuTRcu TRmsTRms
TRmpTRmp

TRcuTRcu

TRcuTRcu

TRcuTRcu

TRcu

TRcu

TRcuTRcu

TRcuTRcu

TRcuTRcu

TRclTRcl

TRclTRcl

TRclTRcl

TRclTRcl

TRclTRcl

TRclTRcl

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmuTRmu

TRmu

TRmpTRmp

TRmpTRmp

TRmpTRmp

TRmpTRmp

TRmpTRmpTRmsTRms

TRmsTRms
TRmsTRms

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRml

TRmlTRmlTRml

TRmlTRml

Qa1
Qa2
Qafy
Qafo
Qaf
Qap
Qmt

Jn
Jk
Jw

TRcu
TRcl
TRmu
TRmp
TRms
TRml

Pcw
Pc

IPp

OW1OW1

N

A - A'

Figure 2. Geologic map of the lower Castle Valley area (modified from Doelling and Ross, 1998).



HYDROGEOLOGY
Ground water in northeastern Castle Valley is confined

in fractured rock beneath relatively impermeable rock, or is
unconfined in fine-grained unconsolidated surface materials.
Hydrogeologic conditions in the fractured-rock aquifer are
inferred from a few lithologic descriptions of wells and the
examination of outcrops. These data are interpreted to define
the hydrostratigraphy, depth to producing strata, and the
quantity of water produced by the artesian zone. Descrip-
tions of the lithology of the unconsolidated valley-fill aquifer
system are given in Snyder (1996) and Blanchard (1990).
However, very little data are given on the fractured-rock
aquifer in either of these reports.

Pervious rocks below the unconsolidated valley-fill
deposits of Castle Valley contain ground water with a hydro-
static (pressure) head different from the hydrostatic head of
the unconfined, unconsolidated valley-fill aquifer above.
The fractured-rock aquifer consists of dipping, layered frac-
tured rocks with ground-water flow primarily along fractures
and bedding planes. Vertical fractures generally do not cut
extensively across beds, but may provide local routes of
ground-water flow or leakage between beds. The fracture
systems in northeastern Castle Valley are isolated in pack-
ages by the local faults of the area, which control the overall
direction of ground-water flow. The upper part of the Cutler
Formation is the main fractured-rock aquifer currently used
in Castle Valley. Rocks stratigraphically above the water-
producing rocks appear to be of significantly lower perme-
ability and are less fractured than the water-producing strata;
this may result in transmissivity differences of three or four
orders of magnitude.

Blanchard (1990) reported that approximately 30 wells
receive water from the bedrock aquifer in western Castle Val-
ley, but provided little information about the wells. The
number of wells completed in bedrock has probably
increased slightly since his report. Wells producing from the
bedrock aquifer in western Castle Valley are not flowing
artesian wells, unlike the fractured-rock wells to the east dis-
cussed above, but water levels do rise above the confining
layer. Fractured-rock aquifer wells in western Castle Valley
are generally less productive than the wells to the east (pos-
sibly indicating that the two sides of the valley are not direct-
ly connected hydrologically).

Recharge to the fractured-rock aquifer underlying the
Academy is from downward percolation of precipitation
along fractures on exposed rocks, and from streams that
cross the outcrops in the La Sal Mountains. The La Sal
Mountains are an intrusive complex with upturned sedimen-
tary strata along its flanks that are favorable for recharge.
The La Sal Mountains reach elevations above 9000 feet
(2800 m) and can receive more than 30 inches (76 cm) of
precipitation per year. The upturned and heavily fractured
sedimentary strata comprising the flanks of the La Sal Moun-
tains are at the surface, or commonly less than 20 feet (6 m)
below the land surface in the recharge area. The high moun-
tain slopes are mantled in many areas by talus, which readi-
ly absorbs snowmelt runoff and precipitation and releases the
water to the rock below (Blanchard, 1990). After infiltration
directly through weathered rock or thin unconsolidated mate-
rials, the water moves down the dip of the strata through frac-
tures, beneath overlying confining beds, and toward areas of
natural discharge. The hydraulic head in the rock aquifer is
due to the high elevation of the recharge area. Discharge is
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from: (1) consumptive use for irrigation and domestic pur-
poses, from springs and wells; (2) evapotranspiration in the
higher parts of Castle Valley; and (3) underflow to the Col-
orado River.

The geology and topographic relief of the area limit the
areal extent of the ground-water flow system in Castle Val-
ley. The fractured-rock aquifer in Castle Valley is delimited
by faults and is localized into fault-bounded strands of rock,
with varying degrees of hydraulic connection between
strands. Individual strands may be bounded by less fractured
rock, surface- and ground-water divides, or the Colorado
River. The high relief of the mountains and low relief of the
valley cause a funneling of ground water through the valley.

The hydraulic head in the fractured-rock aquifer decreas-
es from the area of recharge toward the Colorado River, and
the direction of flow in the aquifer is approximately north-
west. In the lower parts of the valley the hydrostatic head is
sufficient to lift the water above the land surface. The poten-
tiometric surface for the fractured-rock aquifer is above the
land surface in the area of the Academy, and wells are flow-
ing artesian wells. I could not map the potentiometric sur-
face of the fractured-rock aquifer because of the sparse infor-
mation about the wells that reach it; however, there are
water-level data for numerous wells penetrating the valley-
fill aquifer. Water-level data collected by Snyder (1996)
from wells throughout the valley completed in the valley-fill
aquifer were used to construct a map of the potentiometric
surface of that aquifer (figure 4). The water-level data indi-
cate that the hydraulic gradient varies from 0.01 to 0.06 for
the valley-fill aquifer. Like the valley-fill aquifer, hydrostat-
ic head in the fractured-rock aquifer is reduced as water
moves through the rocks; the hydrostatic head diminishes
gradually from the recharge area in the south to the discharge
area in the north. I conclude that the gradient in the fracture-
rock aquifer will be less than that in the valley-fill aquifer,
because the slope of the rocks down valley is flatter. I esti-
mated the horizontal hydraulic gradient of the rock aquifer to
range from 0.01 to 0.006, and it is probably about 0.008 in
the area of the Academy well.

WELLS
There is no record of the first well drilled in Castle Val-

ley, but the earliest wells were probably within rock in the
Castleton area, as the unconsolidated valley fill in this area is
thin. Well depths in the valley fill range from 58 to 248 feet
(18–76 m) and are typically less than 150 feet (45 m) deep.
Wells completed in rock are typically 150 to 300 feet (45–90
m) deep, and on the east side of the valley are artesian (Sny-
der, 1996). The first artesian well drilled in bedrock beneath
the valley was reportedly drilled for mineral exploration in
the early 1950s (John Korponay, Academy water system
manager, verbal communication, March 1999). There is
some speculation that the Academy wells were originally
drilled for mineral exploration, but the size of most of the
wells indicates they were agricultural wells. The flowing
artesian wells in the area of the Academy were drilled in the
mid-1950s (appendix A).

The Academy public-water-supply well is located in a
16-foot by 7-foot (5 x 2 m) block and frame building. Two
flowing artesian wells are in this building (about 5 feet [2 m]

apart). Only one of the wells is used as a drinking water
source. A pump on the building floor is used to lift water
from the public-water-supply well (one of the artesian wells)
to a storage tank, which is about 170 feet (50 m) east-south-
east, and 7 feet (2 m) above the well. Water from the other
well is used for irrigation. Based on the driller reports, the
Academy well is drawing water from fractured rock below
about 210 feet (60 m). I estimate the aquifer thickness that
contributes to the well to be 80 feet (24 m). My examination
of the public-water-supply well indicated determining a true
shut-in pressure was not possible, because the well was not
set up to measure pressure, and the continuous demand for
the water precludes the practicability of shutting in the well.
During the present investigation, the public-water-supply
well was estimated to have a maximum head above the well
casing of 3 feet (1 m), and the flow under normal operating
conditions was estimated to be a persistent 10 to 15 gallons
per minute (0.04–0.06 m3/min) (John Korponay, verbal com-
munication, March 1999). Weir and others (1983) reported
the average flow from bedrock wells in the area is about 5
gallons per minute (0.02 m3/min). The well possibly dis-
charged from 100 to 200 gallons per minute (0.4–0.8 m3/
min) when drilled in the mid 1950s.

How the Academy well is completed is not clear from
driller reports. Apparently the well was started with a cable
drill, to drill through the alluvium, and then deepened into
the bedrock by a rotary drill. The well is cased through
unconsolidated valley-fill and open in the bedrock, and is
probably about 300 feet (90 m) deep (John Korponay, verbal
communication, March 1999). The proof of beneficial use
was not completed at the time it was drilled and the applica-
tion to appropriate water from the well was allowed to lapse.
The water rights for the well were not proven until the early
1970s. The water records are incomplete, and I could not
identify which water well report belongs to the Academy
public-water-supply well, so I evaluated all well reports for
wells drilled in the early- to mid-1950s within a mile of the
Academy well (appendix A).

AQUIFER CHARACTERISTICS
Driller reports for the flowing artesian wells and geolog-

ical mapping in northeastern Castle Valley indicate wells
produce from fractured rock of the lower Cutler Formation.
The lower Cutler Formation consists of fine-grained sub-
arkosic to arkosic sandstone with interbedded mudstone and
siltstone. An examination of Cutler Formation outcrops near
the Academy indicated permeability in the clastic strata is
predominantly secondary and the result of local fracturing
and bedding-plane separations. Fracture intensity is areally
diverse, even at shallow depths, indicated by shallow low-
transmissivity intervals designated on well logs and from
outcrop examinations. Cementing material has reduced the
primary porosity, permeability, and storage in the rocks of
the area. Rock aquifer porosity can be described in terms of
total porosity, the volume of water contained within a volume
of rock, or, in terms of effective porosity, the volume of water
contained within the rock fractures. The latter is water that
moves readily in response to an imposed hydraulic gradient.
I estimated the ranges of porosity in the sandstone and finer
grained rocks to range from 1 to 30 percent and in the water-
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producing rocks to range from 13 to 17 percent.
No aquifer tests were conducted to estimate the trans-

missivity or hydraulic conductivity of the fractured-rock
aquifer in Castle Valley. No data are provided on the driller
reports that can be used to calculate transmissivity of the
aquifer. Estimates of transmissivity and hydraulic conduc-
tivity in the rock aquifers of the area are rarely obtained,
because few wells are actually drilled in rock aquifers,
drillers usually are not equipped to perform aquifer test in
rock aquifers, and the drilling of multiple well groups that
can be used for aquifer tests is even less common. Aquifer
tests conducted in rocks throughout Grand County, including
unfractured to highly fractured rock, yielded values of
hydraulic conductivity ranging from 0.0037 to 88 feet per
day (0.0011–27 m/day) and transmissivities ranging from 40
to 700 square feet per day (4–65 m2/day) (Eisinger and
Lowe, 1999). Jobin (1962) estimated transmissivity of Up-
per Permian sandstone in this area of the Colorado Plateau to
range from about 150 to 1000 square feet per day (14–93
m2/day). Walton (1991) estimated transmissivity of frac-
tured sedimentary rock in the Colorado Plateau to range from
about 5 to 1000 square feet per day (1–93 m2/day). Teller
and Chafin (1986) used a drill-stem test on a Permian sand-
stone in this area of the Colorado Plateau to estimate a
hydraulic conductivity of 0.02 feet per day (0.006 m/day).
Freeze and Cherry (1979) and Domenico and Schwartz
(1990) estimated the hydraulic conductivity of sedimentary
rocks similar to the rocks found in the study area to range
from 0.0001 to 1 foot per day (0.00003–0.3 m/day), and
0.0001 to 1.7 feet per day (0.00003–0.5 m/day), respective-
ly. These and other data are tabulated in table 1 and give a
range of hydraulic parameters that might be expected in Cas-
tle Valley. I used the data in table 1 to estimate conserva-
tively the transmissivity of the aquifer supplying the Acad-
emy well.

DWSP ZONES
Many critical problems exist regarding the delineation of

DWSP zones for fractured-rock aquifers. The complex
hydrogeology of such aquifers makes determining ground-
water time-of-travel for delineation of DWSP zones difficult.
I attempted to model the ground-water system around the
well using a finite-difference model, but because of limited
and insufficient field data, and the complex nature of the
ground-water-flow system, I could not build or calibrate an
adequate finite-difference model. Instead, available semi-
analytical techniques were considered sufficient for the rep-
resentation; I simulated the ground-water-flow system using
estimates of effective hydraulic parameters and treated the
system as an equivalent porous media. The advantage of
treating fractured rock as an equivalent porous media is that
individual fractures can be ignored when quantifying flow.
In applying the porous media assumption, the scale of the
model is assumed sufficiently large that local heterogeneities
do not need explicit representation, and spatially averaged
effective parameters adequately represent rock properties. I
used conservative effective hydraulic parameter values, such
as transmissivity, in the semi-analytical model. These effec-
tive hydraulic parameter are generally representative of
aquifer conditions, and account for the uncertainties inherent
in the equivalent porous media approach.

I delineated DWSP zones 2, 3, and 4 for the well based
on site-specific hydrogeologic data, effective aquifer param-
eters, and application of the RESSQC module of WHPA.
WHPA is a two-dimensional semi-analytical ground-water-
flow model published by the U.S. Environmental Protection
Agency. The RESSQC module delineates two-dimensional
time-related capture zones for wells in an aquifer of infinite
aerial extent with steady-state ground-water flow (Blandford
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Data Type Transmissivity Hydraulic Conductivity Source of Data
ft²/day ft/day

Aquifer test 40 to 700 0.0037 in unfractured Eisinger and Lowe
to 88 in highly (1999)

fractured sandstone

Plug analysis 150 to 1000 - Jobin
(1962)

Drill stem tests - 0.02 Teller and Chafin
(1986)

Generalized data for 5 to 1000 0.01 to 8 Walton
fractured sedimentary (1991)
rock with a soil cover

Generalized data for - 0.0001 to 1 Freeze and Cherry
sedimentary rock (1979)

Generalized data for - 0.0001 to 2 Domenico and Schwartz
sedimentary rock (1990)

Table 1. Range of transmissivities and hydraulic conductivities reported for rock aquifers.



and Huyakorn, 1991). Capture zones are based on the vol-
ume of aquifer supplying water to a well at a specified flow
rate for a given time. Particle tracking in the RESSQC mod-
ule is based on Darcy’s law for water flowing through a
porous medium. The semi-analytical model requires esti-
mates of the hydraulic gradient orientation and magnitude,
effective transmissivity, effective porosity, and thickness of
the aquifer.

The transmissivity of a fractured-rock aquifer is a func-
tion of two physical characteristics of the rocks: fractures and
their orientation, and interconnected porosity. Ground-water
travel times based on the estimated transmissivity value may
be different from the actual travel time in the fractured
aquifer system due to aquifer heterogeneity. To adjust the
transmissivity value to account for aquifer heterogeneity, I
defined an “apparent” effective transmissivity as the estimat-
ed effective transmissivity in the dominant direction of
ground-water flow. In this context and in accordance with
estimated values of hydraulic parameters, I used an effective
transmissivity of 1000 square feet per day (90 m2/day), the
maximum transmissivity reported in table 1. Ground-water
flow in the aquifer is influenced by the orientation of frac-
tures and faults in the rock. The major structural features of
the area trend roughly S. 65° W. These features appear to

affect local ground-water flow as determined by the higher
water production from, and hydraulic heads in the rock
aquifer on the east side of the valley. I used this orientation
as the dominant direction of ground-water flow and assigned
a uniform hydraulic gradient of roughly 0.008 from my
analysis of the hydraulic gradient. A flow rate of 38,600
cubic feet per day (1100 m3/day), based on reported flow
rates for fractured-rock aquifer wells in the area, was
assumed in computing the capture zone for the well. This
value is representative of the well site under a gradient that
was typical of heads when the well was drilled. I assumed
that the aquifer had an effective porosity as high as 15 per-
cent because the reported high flow rates from the aquifer
indicate reservoir-quality transmissive properties. In table 2
the input parameters to the WHPA model are summarized.

DWSP zones 2, 3, and 4 for the well are shown on fig-
ure 5. The relatively large flow rate and transmissivity, and
moderate ground-water flow gradients at the well site lead to
elongated oval-shaped capture zones. The boundaries of all
protection zones extend out from the well with an elongation
to the southeast (upgradient of the well). Maximum dis-
tances and widths from the well for zones 2, 3, and 4, as well
as protection zone orientations, are given in table 3.
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Parameter Value Source

Number of flowing wells 1 This report

Transmissivity 1000 ft2/day This report

Aquifer thickness 80 ft Part of uncased interval on driller’s log, this report

Aquifer Effective Porosity 0.15 (dimensionless) Driller’s log, this report

Average Hydraulic Gradient 0.008 (dimensionless) Based on unconfined aquifer water levels, and
land surface topography, this report

Direction of Gradient S. 65° W. Based on geology, this report

Flow Rate 38,600 ft3/day Driller’s reports

Well radius 0.5 ft This report

Zone 2 Zone 3 Zone 4

Maximum upgradient distance 600 ft 1600 ft 5100 ft
(180 m) (490 m) (1600 m)

Orientation (from well) of maximum upgradient distance S. 32 E. S. 47 E. S. 57 E.

Maximum downgradient distance 400 ft 500 ft 500 ft
(120 m) (150 m) (150 m)

Maximum width 800 ft 1800 ft 2900 ft
(240 m) (550 m) (880 m)

Table 3. Description of DWSP zones 2, 3, and 4 for the Day Star Adventist Academy well.

Table 2. Inputs to WHPA model for the Day Star Adventist Academy well.



SUMMARYAND RECOMMENDATIONS
The Academy public-water-supply well lies on the east-

ern side of Castle Valley and withdraws ground water from a
confined fractured-rock aquifer. Permeability in the aquifer
is mostly due to faulting, fracturing, and bedding-plane sep-
arations. Recharge to the stratified deposits is from upland
areas as subsurface inflow, and by infiltration of stream water
that flows across outcrops. The topographic relief and local
faulting control ground-water flow through the fractured-
rock aquifer in Castle Valley. In the area of the Academy, the
valley is relatively flat and hydrostatic heads in the fractured-
rock aquifer are above the land surface, producing flowing
artesian wells. The hydrogeology of the area is complex, and
any WHPA strategy developed and modeling performed
must account for the heterogeneous and fractured natured of
the aquifer.

I delineated the 250-day, three-year, and 15-year time-
related capture zones contributing recharge to the well by
applying a semi-analytical model based on estimated effec-
tive aquifer properties from an evaluation of the hydrogeolo-
gy of the area. This approach is a realistic technique for
decreasing DWSP zone uncertainty due to the porous media
assumption for the purpose of protecting a well. I based my
calculations of the DWSP zones on: (1) an artesian aquifer

in the area of the Academy; (2) previously determined
aquifer properties or conservative estimates of unknown
aquifer parameters; (3) the assumption of a single, heteroge-
neous, anisotropic rock aquifer; (4) the implicit assumption
that the potentiometric surface is related to the water table
and topography; and (5) the application of ground-water flow
travel-time calculations.

Results from the simulation and subsequent particle-
tracking analyses indicate time-related capture zones for the
well are approximately elongated-oval shaped zones that
extend southeastward. The contributing area calculated
using the RESSQC module of WHPA includes a substantial
part of northeastern Castle Valley. The maximum upgradient
distances and width of the protection zone are as follows:
5100 feet (1600 m) upgradient distance and 2900 feet (880
m) wide for zone 4, 1600 feet (490 m) upgradient distance
and 1800 feet (550 m) wide for zone 3, and 600 feet (180 m)
upgradient distance and 800 feet (240 m) wide for zone 2.
Factors influencing the area recharging the well are (1) the
hydrogeologic framework of the aquifer system; (2) aquifer
transmitting, storage, and yielding properties; (3) discharge
from the well; and (4) hydraulic gradient in the aquifer.

In this report I evaluated a part of Castle Valley and used
generalized ground-water flow information. Using conser-
vative (protective) parameters in this semi-analytical tech-
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Figure 5. Boundaries of drinking water source protection (DWSP) zones 2, 3, and 4.



nique provided large reliable protection zones. Reducing the
size of the protection zones would require the collection of
additional detailed hydrology data. For a small water sys-
tem, like the Day Star Adventist Academy water system, the
costs associated with developing a DWSP plan for larger
DWSP zones may be small compared to the cost of a more
detailed hydrologic study. The conceptual understanding of
ground-water flow in the fractured-rock aquifer is based on
limited information. The DWSP zones should be redelineat-

ed if a more detailed hydrologic study is completed for the
fractured-rock aquifer, or if the ground-water-flow system
deviates significantly from the model used in this report.
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APPENDIX A
Drillers’ Reports of Wells

Wells drilled in the early- to mid-1950s, within a mile of the Day Star Adventist Academy well
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RESSQC PROBLEM SUMMARY
Simulation Option: capture zones

Number of Pumping Wells: 1
Number of Recharge Wells: 0

Transmissivity: 1000. ft**2/d
Hydraulic Gradient: 0.008000 ft/ft

Angle of Ambient Flow: 150.00 degrees
Aquifer Porosity: 0.15 dimensionless

Aquifer Thickness: 80. ft
Simulation Time: 5435. days

No. of Capture Zone Times: 3

PUMPING WELL #1 PARAMETERS
X Coordinate: 194874. ft
Y Coordinate: 1304291. ft

Well Discharge Rate: 38600. ft**3/d
Number of Pathlines: 10

Pathline Plotting Interval: 1

RESSQC.OUT FOR DAY STAR ADEVENTIST ACADEMY
FTAND DA SYSTEM OF UNITS IS USED

REGIONAL FLOW, PORE VELOCITY = 0.67 FT/DAY
ORIENTATION OF REGIONAL FLOW = 150.00 DEGREES
THICKNESS OF THE AQUIFER = 80.00 FEET
POROSIT = 15.00 PERCENT
PERIOD STUDIED = 5435.00 DAYS
INITIALAQUIFER CONCENTRATION = 0.000E 01
DEFAULT INJECTION CONCENTRATION = 0.000E 01
STREAMLINE STEP LENGTH = 10.00 FEET
ADSORPTION CAPACITY OF ROCK = 00.00 PERCENT

3 FRONTS ARE PLOTTED AT 2.50E+02 DAYS 1.09E+03 DAYS 5.43E+03 DAYS
NUMBER OF INJECTION WELLS = 0
NUMBER OF PUMPING WELLS = 1

1 1 PRODUCTION WELLS
WELL NAME X Y FLOW-RATE RADIUS INDICATOR

FEET FEET FT3/DAY FEET
1 194873.91 1304291.00 38600.00 5.00E 01 0

STREAMLINES DEPARTING FROM INJECTION WELL
NUMBER OF WELL TIME OF ANGLE BETA
STREAMLINE REACHED ARRIVAL IN DEGREES

1 +++NONE+++ 5443.8 DAYS 0.0
2 +++NONE+++ 5439.9 DAYS 36.0
3 +++NONE+++ 5444.4 DAYS 72.0
4 +++NONE+++ 5442.7 DAYS 108.0
5 +++NONE+++ 5441.8 DAY 144.0
6 +++NONE+++ 5446.4 DAYS 180.0
7 +++NONE+++ 5442.0 DAYS 216.0
8 +++NONE+++ 5440.4 DAYS 252.0
9 +++NONE+++ 5435.4 DAYS 288.0
10 +++NONE+++ 5439.2 DAYS 324.0
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